Abstract. By inversion calculation of T2 spectrum of echo string, the permeability, saturation, fluid type and other important parameters of porous media can be obtained. However, since the inversion algorithm itself is susceptible to noise signal [1] , improving the SNR level of echo signal has been one of the key problems in the application of low-field NMR technology. In order to obtain more accurate analysis results, the corresponding noise reduction method needs to be developed. In the past, the research on noise reduction of NMR signal mainly focused on echo string. This paper constructs a complete NMR signal model and discusses the de-noising of echo and echo string. Aiming at noise reduction of echo, FIR filter and Orthogonal Modulation Filter(OMF) are discussed. Aiming at the de-noising of echo string, this paper proposes an improved CEEMD threshold de-noising, and makes a comparative analysis with the heuristic threshold de-noising based on sym4 wavelet and EMD threshold de-noising proposed by predecessors. It is found that the method proposed in this paper can invert the more accurate T2 spectrum while improving the SNR.
Introduction
Low-field NMR technology characterized by relaxation measurement has been widely used in petroleum exploration, biomedicine, quality control and other fields, among which the most representative method is to use CPMG sequence [2] for T2 measurement. In order to obtain more accurate T2 spectrum, it is necessary to improve SNR of NMR logging signal. The existing NMR noise reduction methods generally use the difference of signal and noise distribution in time domain, frequency domain or time-frequency domain for noise reduction. These noise reduction methods have their own advantages in NMR signal processing, and have been widely valued [3] [4] [5] [6] [7] . But these methods are not suitable for practical application because they require the original signal as the benchmark signal to approximate to select the threshold.
In recent years, Huang has proposed a new time frequency analysis method, Empirical Mode Decomposition method (EMD). Along with the study of EMD, Huang has proposed the Ensemble Empirical Mode Decomposition method (EEMD) to improve the EMD method. However, the white noise added by EEMD cannot be completely neutralized, so the Complementary Ensemble Empirical Modal Decomposition (CEEMD) is proposed. CEEMD reduces the reconstruction error caused by white noise while ensuring the decomposition effect. CEEMD has been used in Ground Penetrating Radar (GPR) signal de-noising [8] , seismic exploration signal processing [9] , MEMS Gyro signal de-noising [10] , rolling bearing fault diagnosis [11] and other fields. However, in the field of NMR logging signal processing, it has not been used yet. Therefore, CEEMD method based on improved threshold was proposed in this paper for inversion analysis and comparison with previous methods. The results show that this method can better invert T2 spectrum while improving SNR.
Each Echo De-noising
In order to obtain the ideal spin echo signal, it is necessary to de-noising the echo signal. Two methods (FIR filter and Orthogonal Modulation filter (OMF)) are used for noise reduction of each echo and compared. The results show that OMF is much better than FIR filter.
Proposed CEEMD Threshold De-noising Method for the Echo String
The core of CEEMD threshold noise reduction method is to construct an appropriate threshold according to the estimated noise energy of each IMF. CEEMD interval threshold was used to reduce the noise of echo string.
Selection of Thresholds. Literature [12] utilizes the characteristics of fractional Gaussian noise (fGn) for EMD decomposition, and analyzes the noise energy distribution on each IMF. It is found that the noise energy distribution on subsequent IMF components can be estimated by using the noise energy of the first two IMF components. Inspired by this, this paper proposes an improved CEEMD threshold noise reduction method. Firstly, the formula for noise estimation of the first two IMF components is shown below. (
According to the nature of each IMF component after CEEMD decomposition, this paper improves the threshold as follows:
In this case, N is the length of the signal. The PSD relation among the IMFs of fractional Gaussian noise decomposed by EMD is given by [13] :
For j'> j= 2, where 
Eq. (5) describes the distribution of noise over the IMFs when the order satisfies j' > j >= 2. The energy of noise decreases with the increase of order. It can be easily seen from Eq. (5) that:
fGn was used to model the error of NMR logging signal, and Eqs. (1) and (6) were used to evaluate the noise variance (or standard deviation) distributed in IMFs, and the model parameter H has been estimated. The improved threshold of CEEMD de-noising can be determined by
Selection of Threshold Functions. For the application of threshold noise reduction to NMR signal, the proposed CEEMD threshold de-noising method is more inclined to hard thresholding [12] . However, direct thresholding causes discontinuity in the thresholded IMFs. We adopt the more sophisticated interval thresholding [14] instead: 
Results and Analysis
In accordance with the method mentioned above, we first construct the simulation model.
Description of Simulation Model.
The attenuation of echo string obtained by CPMG can be expressed by Eq. (9).
After the establishment of T2 spectrum model with two-peak, an attenuation echo string curve c1 was obtained. The process of constructing simulation signal is as follows:
In 100000| | (sin(2 960000 )) This method is used for noise reduction of NMR signal, and the effect is shown in the Fig. 1 to Fig.  4 .
Because OMF is better than FIR filter (there will be analysis later), we choose the echo string after OMF (in this paper, we call OMF-signal) for the next noise reduction analysis.Aiming at the noise reduction of echo string, the existing wavelet threshold noise reduction method based on SURE algorithm, the threshold noise reduction algorithm based on EMD and the improved threshold noise reduction method based on CEEMD proposed in this paper are compared. The noise of OMF-signal is reduced and the reconstructed signal is obtained. Fig. 5 are reconstructed signals of NMR signals with initial SNR of -56.3969 after noise reduction processing. From the simulation results, it can be seen that FIR filter and OMF can improve SNR, SNR changes will be analyzed in detail later. In order to evaluate the noise reduction effect, the following two aspects will be analyzed: one is the change of SNR; the other is the comparison of inversion effect.
SNR Variation Analysis. In order to make a more accurate preliminary interpretation of the effect after noise reduction, the signal-to-noise ratio (SNR) is now taken as the evaluation standard. In this paper, the following formula is used to calculate signal SNR:
Where, () sn refers to the ideal noise-free signal, () sn is the reconstructed signal, and N is the length of the signal.
The signal-to-noise ratio of signals with initial signal-to-noise ratio of -56.3969 after noise reduction is calculated, and the results are shown in table 1. The Inversion Analysis. The purpose of signal noise reduction is to obtain relatively accurate T2 spectrum, so it is very important to carry out inversion analysis of reconstructed signals. In this paper, SVD inversion method is used to carry out inversion analysis of various methods mentioned in this paper and to compare with the ideal T2 spectrum respectively. Fig. 6 shows the ideal T2 spectrum, Fig. 7 show the comparison between T2 spectrum obtained by FIR and OMF reconstructed signal inversion and ideal T2 spectrum. In order to facilitate analysis, the T2 spectrum obtained by inversion of various methods is finally displayed on a graph, as shown in Fig. 8 . It can be seen from the inversion results that for the noise reduction of the spin echo, OMF algorithm can invert the more accurate T2 spectrum. For noise reduction of echo string, the improved threshold noise reduction algorithm based on CEEMD proposed in this paper is superior to other algorithms. 
Summary
In this paper, a complete NMR signal model is established, aiming at noise reduction of echo. Simulation results show that orthogonal modulation filter can effectively reduce echo noise in low SNR environment. In view of the noise reduction problem of echo string, wavelet threshold de-noising is generally favored for its excellent de-noising effect. However, for the NMR signal with noise, when it contains small range of effective information, the wavelet threshold de-noising will suppress most of the noise and remove the effective information with small range at the same time.
CEEMD is an improved algorithm of EMD, which not only retains the advantage of EMD in processing non-stationary signals, but also can effectively overcome the modal aliasing problem of EMD. Compared with the heuristic wavelet threshold de-noising method based on deterministic algorithm and the threshold de-noising algorithm based on EMD proposed in this paper, the improved CEEMD threshold de-noising method can more accurately invert T2 spectrum while improving SNR.
